Abstract Studies of EMG power spectra have established associations between low-back pain (LBP) and median frequency (MF). This 2-year prospective study investigates the association of LBP with EMG variables over time. 120 health care workers underwent paraspinal EMG measurements and assessment of back pain disability. The EMG recordings were performed under isometric trunk extension at 2/3 maximum voluntary contraction and acquired from erector spinae muscles at the level of L4/L5. 108 (90%) subjects were reviewed at a minimum 2-year follow up. 16 out of 93 subjects with no history of chronic low-back pain became worse as measured by time off work, disability, reported pain and self-assessment rating. The value of the EMG variable half-width at inception demonstrated significant association with changes in subject's outcome measure and their own assessment of their LBP at follow up (p \ 0.05). Based on self-assessment data, subjects with no history of chronic LBP with half-width of greater than 56 Hz were at threefold greater risk of developing back pain compared with the remainder of the population (p = 0.045). The value of the initial median frequency (IMF) and MF slope at inception were also associated with the subjects' own assessment of LBP at follow up. Subjects with an IMF greater than 49 Hz were at 5.8-fold greater risk of developing back pain compared with the remainder of the population (p = 0.014). EMG variables recorded from lumbar paraspinal muscles can identify a sub group of subjects at increased risk of developing low-back pain in the future.
Introduction
The aetiology of LBP and the design of strategies for its prevention have been the subject of numerous scientific investigations. Despite these efforts there remains a considerable amount of uncertainty and disagreement about which risk factors are the most important.
In studies of individual factors, the most consistent associations have been with previous LBP and age [1, 13] with some association between genetic factors and LBP [30, 48, 53, 54] and less well established associations for obesity, smoking and gender [3, 10, 18, 22, 28, 29, 45, 49] .
In studies of biomedical factors there has been some association between prolonged bending and twisting and LBP [19, 22, 43] and a weak association between LPB, fitness and muscular strength level [2, 3, 7, 8, 12, 29, 44, 53] . Further studies of biomedical factors have strengthened the link between muscular structure and back pain [20, 52] , and today there is general consensus that muscles play an important role in low back pain [11, 20, 25, 41] .
Studies of electromyography (EMG) recordings from low back muscles have demonstrated changes in activation pattern [20] , fatigability [9, 36] and asymmetrical of activation [39] in back pain subjects compared with controls. These studies have also suggested a number of reliable and reproducible variables that can be extracted from routine EMG [5, 32, 33, 46, 51] . Our own studies have confirmed these findings, examining 39 subjects on three separate occasions [38] . Initial median frequency (IMF), half-width (HW) and root mean square (RMS) demonstrated satisfactory reliability, although RMS was too load-dependent to be a potentially valuable comparator between subjects.
Other studies have also shown that EMG is able to distinguish chronic pain sufferers from healthy volunteers [4, 24, 46, 47] . We have previously reported differences in many EMG variables between back pain sufferers and healthy volunteers. In a study of 350 subjects, the HW was able to distinguish between the two with a sensitivity of 64% and a specificity of 87% [21] . This study demonstrated that back pain sufferers had wider HW compared with healthy volunteers, and values [48 Hz were significantly associated with back pain.
A number of more recent studies have also investigated the change in EMG over time for prognosis purposes. Adams et al. [1] studied 430 heath care workers over a 3-year period and found no predictive value for median frequency slope (MF-slope). Stevenson et al. [49] studied 149 industrial workers and reported predictive value for IMF. However, because of variation in test conditions between these studies it is not possible to draw conclusions over these apparently contradictory results. The present study attempts to evaluate the value of IMF, MF slope and HW, under unified test conditions, as objective prognostic indicators in development of LBP. Changes in EMG variables within individuals over time have also been examined.
Methods

Subject details
The study was a prospective cohort study of 120 volunteers. Participants were recruited from staff of a large general hospital by visiting wards, hospital departments and advertising in a hospital newsletter. Those with clinical suspicion of disc prolapse, nerve root compression, inflammatory arthritis, peripheral neuropathy, severe alcohol abuse and acute back pain were excluded from the study, as were subjects who had exercised vigorously prior to the test on the day of testing (e.g. those who had cycled to work). At enrolment (time 1) subjects were assessed clinically for low back symptoms using a structured interview, a disability measure (Low Back Outcome Score; LBOS) [15] and measures of distress (Zung Depression Score [14, 55] and Modified Somatic Perception Questionnaire; MSPQ [31] ). Participants were classified as follows, according to their history at presentation: Two years later at follow up (time 2), 108 of these 120 workers were re-evaluated (90%). Twelve subjects failed to complete the study; six had left the area, one was chronically ill, two declined retest and three untraceable. Work loss records during the 2-year period were examined and the clinical assessment, disability and distress measures and EMG were repeated. At follow up, subjects were asked to classify themselves as worse, better or the same compared with 2 years before by responding to the question 'over the last 2 years, do you feel your back is better, same or worse than it was?' Volunteers reviewed their previously recorded symptoms, prior to their subjective decision of any change and before the EMGs were performed. No volunteer had back pain at the time of testing.
Acquisition and processing of EMG signal
Testing was performed according to the technique of Oliver et al. [40] . Briefly, the pelvic rest height was set 6 cm below the anterior superior iliac spines, and the lumbar spine was positioned in 30°flexion using a body contour formulator or goniometer. EMG recording sites were prepared to reduce skin impedance, and surface electrodes were placed over the greatest convexity of the erector spinae muscles at the L4/L5 level with a distance between the electrodes of each pair of 40 mm. Loading was performed by the subject pulling on a bar attached to a load cell fixed to the base of the frame. Maximum voluntary contraction (MVC) was determined, and after a 4-min rest the EMG was recorded while the subject maintained a load of 2/3 MVC for 30 s. The same load was used at time 1 and time 2.
A Medelec Sapphire-2ME EMG system was used to amplify and filter the EMG signal (band pass 3-300 Hz). Signals were digitised through National Instrument DAQCard-700 PCMCIA device and sampled at 1,024 Hz using continuous double-buffer process. The output from the load cell was converted to digital using the same process, while the acquisition software maintained a real-time bar graph display of load centred at the target load of 2/3 MVC. By using this clear target display, subjects were able to hold a steady load for 30 s.
Both channels of the 30-s EMG recording were divided into 1-s epochs of 1,024 voltage samples. The root mean square voltage (RMS) was calculated for the whole test period by rectifying each of the 30,720 voltage samples scaled to EMG amplifier gain, and taking the mean of these values. A fast Fourier transformation was applied to each epoch to obtain a power spectrum. The median frequency, defined as the frequency that divided the spectrum into two equal areas, was calculated for each epoch. The initial median frequency (IMF) and median frequency slope (MF slope) were obtained, respectively, from the intercept (t = 0) and the slope of a linear regression fit to the 30 median frequencies calculated for each channel.
The thirty power spectra were averaged and the composite spectrum was smoothed by applying a three-point moving average in nine passes. From this the peak power was taken as the greatest amplitude of the spectrum, and the modal frequency was taken as the frequency at which the amplitude was greatest. The HW was taken as the width of the spectrum at half the maximum power. If the HW was not unique due to spikes in the spectrum, then the narrowest value was taken for analysis based on the previous theoretical work [50] .
Statistical methods
Paired sampled t tests were performed to evaluate changes in EMG variables from time 1 to time 2 (Table 4) . Independent sample t tests were performed to compare differences between the worse group and the remainder of the population. The significance of the specificity and sensitivity at various cut-off values was tested using the chisquare test. Cut-off points for chi-square tests were points on the ROC curve related to that variable, yielding the highest sensitivity and specificity (Figs. 3, 4) . Statistical significance was accepted at the 5% level. Values reported for each variable are the combined left and right values for that variable. Commercial statistical package SPSS (SPSS Inc. Chicago, IL, USA; V12.0) was used for all statistical analyses reported.
Results
Three out of the 108 results were unusable; two had corrupted file recordings and one had error in recording at time 1. Data were analysed for the remaining 105 cases.
At follow up (time 2) there were 26 males and 79 females. 76 subjects classed themselves as ''unchanged (same)'', 13 ''better'' and 16 ''worse''. Descriptive data are in Table 1 . There was a significant association between the subjects' self-rating of their condition and that demonstrated by time off work (p = 0.02), low-back disability (p \ 0.01) and pain (p \ 0.001). The volunteers' subjective feeling of being the same, worse or better appeared to be a good reflection of their clinical change. The Zung and MSPQ scores were little changed over the 2 years and are not reported for this reason.
When comparing the groups as a whole, changes in the HW appeared to mirror the clinical changes over time. Plotting the HW against the time in the cohort study for three groups of worse, same, and better showed that the mean HW reduced for the better group and increased for the worse group ( Fig. 1; Table 4 ). However, this change was only slightly over the expected 95% confidence interval (CI) of within-subject variability for the 'better' group and less than this value for the 'worse' group [40] . Plotting the mean IMF for the three groups against the time also did not show any relationship between values recorded at time 1 and time 2 for this variable (Fig. 2) .
Analysis of the EMG variables at inception compared with individual's own subjective assessment at follow up revealed that the HW was able to identify a group of subjects at greater risk of developing low-back pain within the next 2 years. Back pain at follow up was defined as low-back pain sufficient enough to be off work or require medical attention. Thirty out of 93 past history and nohistory subjects had an initial HW of greater than 56 Hz. The relative risk for back pain in this group was 2.7 (95% CI 1.11-6.53; p = 0.05). Twenty-six out of 82 subjects with no history of back pain had an initial HW of greater than 56 Hz. The relative risk for back pain in this group was 3.01 (95% CI 1.06-8.62; p = 0.045) ( Fig. 3 ; Table 2 ). The initial median frequency and median frequency slope were also able to predict an increased incidence of low-back pain in the no-history group. The relative risk for subjects with IMF values of greater than 49 Hz was 5.8 (95% CI 1.35-25.0; p = 0.014) and for subjects with MF slope of less than -0.2077 was 3.6 (95% CI 1.27-10.18, p = 0.03) ( Fig. 3; Table 2 ).
Data were also examined for the predictive power of these variables based on LBOS scores; 'worse' being the reduction in LBOS score greater than 7.5, 'better' being an increase in LBOS score greater than 7.5 and 'same' being any other value [23] . Nineteen subjects with no-history of back pain (23.2%) and 22 subjects with no history of back pain or past history (23.4%) did not have LBOS scores. In view of small numbers, the 'better' and 'same' groups were analysed together. Data were analysed for the remaining 63 subjects with no-history of back pain. Twenty out of 63 subjects in this group had an initial HW of greater than 56 Hz. The relative risk for back pain in this group was 4.3 (95% CI 0.86-22.2; p = 0.075). Twenty-seven out of 72 subjects with no-history of back pain or past history had an initial HW of greater than 56 Hz. The relative risk for back pain in this group was 5.0 (95% CI 1.1-23.2; p = 0.04). This suggests that HW is a better predictor based on the LBOS scores compared to self-rating data. However, this was not the case for IMF and MF-slope. The relative risk for IMF was reduced to 1.74 (95% CI 0.38-7.9; p = 0.66) and for IMF-slope to 2.7 (95% CI 0.60-12.13; p = 0.33), Fig. 1 Boxplots showing half-width at time 1 and time 2 for better, same and worse group based on self-rating scores Fig. 2 Boxplots showing IMF at time 1 and time 2 for better, same and worse group based on self-rating scores Fig. 3 The ROC curves for IMF, IMF slope and HW based on selfrating data indicating no predictive value for these two variables when outcome measure was used (Table 3 ; Fig. 4) .
None of the EMG variables iRMS, RMS, or RMS Slope showed any significant predictive value for future episodes of low-back pain.
The mean HW at time 2 was found to be significantly different from time 1 for the 'better' (t(12) = 2.875, p = 0.014) and the 'same' (t(75) = 2.313, p = 0.023) group but not the 'worse' group (t(15) = -0.783, p = 0.45). The mean IMF at time 2 was also significantly different from time 1 for the 'better' (t(12) = -3.60, p = 0.004) and the 'same' (t(75) = -4.52, p \ 0.001) group but not the 'worse' group (t(15) = 0.15, p = 0.88) ( Table 4) .
Discussion
The cause of low-back pain remains incompletely understood. The use of techniques such as strength tests, radiological and medical examinations in prognosis has been unsuccessful [6, 10, 12] . A previous history of low-back pain has been shown to be of prognostic significance, but relies on reporting by the subject and of course cannot be used to predict the first episode. For many years, the role of the spinal musculature has been little investigated, but more recently strong correlations between muscle function as evidenced by EMG measurements and chronic low-back pain have been reported [4, 24, 46, 47] . A correlation, however, implies only an association and does not necessarily imply a causal relationship. Fig. 4 The ROC curves for IMF, IMF slope and HW based on LBOS scores Classification of change over 2 years based on self-rating scores. The change in HW was significant for the 'better' and the 'same' group but not the 'worse' group Eur Spine J (2010) 19:1145-1152 1149
The current study strengthens the possibility of the spinal musculature having a more fundamental role by demonstrating that EMG changes can identify a group within a population at increased risk of a significant episode of low-back pain.
Based on subject's own assessment data, there is a consistent increase in risk of LBP with increase in HW. At the start of the study, a HW of[56 Hz was able to identify a subgroup of about one-third of the 'past history' and 'nohistory' population in whom the risk of an episode of back pain severe enough to cause loss of time from work was three times greater than the remainder of the population (p = 0.05). This remained the case even when the 'past history' subjects were excluded (p = 0.045). IMF and IMF-slope also had potential as a predictor of back pain. All three EMG variables had relatively similar specificity and sensitivities although IMF was slightly superior in predicting those at risk of backache ( Table 3) .
The predictive power of these EMG variables based on the LBOS scores was also examined. About 23% of LBOS score data were missing because of administrative error. Analysis of the remaining data from no-history group (n = 63) yield to the improved predictive power for HW but IMF and IMF-slope were non-discriminating.
Our results on predictive value of IMF based on selfrating data at follow up agrees with those reported by Stevenson et al. [49] who studied 149 industrial workers, using the same method for evaluation of the outcome and reported predictive value for IMF. Our result on predictive value of MF-slope based on change in LBOS scores from time 1 to time 2 also appears to agree with those reported by Adams et al. [1] who found no predictive value for MFslope. However, we postulate that our study is weakened by smaller number in LBOS analysis. IMF and HW were significantly different at time 2 compared with time 1, for the same and the better group, but not the worse group. Mean HW for the same group was reduced by 3.7 Hz (SD = 13.91, p = 0.023) and mean IMF was increased by 4.43 (SD = 8.54, p \ 0.001) over the 2-year period. We would note that at a concurrent period there was an ongoing campaign to promote health among the staff, which may have contributed to the shift of HW in the same and better group towards the lower value.
It is unclear how these EMG variables relate to the underlying muscle physiology. Previous research has shown that there are differences of muscle fibre types between back-pain suffers and controls [34, 35, 37] . Type I muscles have the characteristics of firing in a more orderly manner and are able to discharge at longer inter-spikeintervals (ISI) while type II muscle fibres fire at shorter intervals [16] . Changes in ISI statistics have been related to significant change in the low frequency of the spectrum [27] and to increases in IMF [26] . One explanation of the observed differences between the EMG variables of these two groups may be simply differences in their muscle fibre type.
Another factor to be considered is muscle fibre recruitment with load. It is possible that the subjects at risk group failed to employ their maximum force, possibly for a factor that predisposed them to BP. In such a scenario their motor neuron firing patterns would be less synchronised [27, 42] , shifting IMF to a higher value and changing the distribution of energy along the spectra which could effect HW. It may also be argued that because these subjects failed to employ their maximum effort, they are less likely to be fatigued over the testing period causing their average IMF [27] and HW to stay high. Similar explanations can be given in terms of orderly muscle recruitment patterns [16, 17] and conduction velocity; however, such explanations would be highly speculative as none of the factors of fibre type, conduction velocity, synchronisation of impulses, dropping out of motor neurons, percentage of polyphasic AP and thickness of adipose tissue between the electrode and muscle have been monitored in this study.
Whatever the underlying reason, within the limitation of this study and providing the result of this study could be reproduced, the finding that three EMG variables are capable of predicting first time back pain is interesting and suggests that the spinal musculature has an important role in the appearance and management of back pain. We have previously shown, in study of 350 subjects, that EMG variables have also discrimination value in back pain [21] . The present study further supports our earlier findings and strengthens the possibility of link between spinal muscular and back pain.
If the current EMG techniques can be refined and further validated, there is a potential for significant clinical impact. In preventative programmes, individuals may respond much better to targeted advice given to the one-third of the population shown to be at risk than to general advice directed at whole populations. The technique may allow a useful screening role where workers might be directed away from potentially unsuitable employment, or may allow remedial treatment to be undertaken with a view to reducing the risk to potential employees. The use of EMG variables may allow objective measurement of the results of therapy in clinical trials.
Furthermore, additional evidence for the importance of the spinal musculature allows the tentative formulation of a hypothesis for low-back pain which may explain the mechanism of action of some of the observed important prognostic factors such as distress, genetic and biomedical factors.
Caution is still required as it should be noted that although EMG variables were found to be a significant prognostic indicator, the changes over time corresponding with changes in the subject's clinical condition demonstrated considerable individual variation. Low-back pain is a complex, multi-factorial problem and it cannot be claimed on the results of this study that a causal relationship has been established.
Conclusion
EMG variables appear to undergo changes over time, which correlate with clinical changes in the subject. EMG variables are able to identify a sub group of subjects in whom the risk of subsequent back pain is increased. This prediction holds true even when a past history of back pain is excluded. If confirmed, these findings may lead to changes in both treatment and screening programmes.
